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Abstract 
Introduction: 
Plastics and polymers have become a part and parcel of our day-to-day life. They are readily processable they can be molded into various articles. The toothbrushes we use, the disposable teacups, the carry bags we use for carrying vegetables and various electronic components are all made up of plastic. The world production of plastic is around 100 million tones annually. In a large developed country like USA, about 10 million tonnes of plastics are consumed (article in World & I, Dec 1990), while in a small developed country like Australia itself, around 1.5 million tones of plastic materials are consumed each year. A developing country like India consumes over 4 million tonnes of plastics, but this consumption is increasing rapidly and is expected to go upto 8 million tones per annum by the year 2007 according to a TIFAC report on Biodegradable Plastics, 2003. Packaging, the largest market for plastics, accounts for over a third of the consumption of raw plastics. The high consumption of plastics has led to an acute solid waste disposal problem. By the year 2005, 15% of the total municipal solid wastes in developed countries would be contributed by commodity plastics. Thus researches on biodegradable polymers worldwide have become a topic of intense activity and importance. A variety of new ideas, methodologies, and interdisciplinary work are being undertaken to tackle the material property requirements of the new generation of consumer polymers: adequate mechanical properties, processability, economic viability, and biodegradability. Our research incorporates methodologies which takes into account known structure-property relationships needed for obtaining biodegradable polymers and harmonizing them with the chemistry of natural monomers (which are known food sources for microorganisms). The expected result is to have new polymers having a synergy of properties: mechanical strength, along with biodegradability. 
The use of abundantly available and replenishable sources such as monosaccharides and disaccharide in the design of semi synthetic polymers is a strategy that needs to be explored in greater depth, and we have made a beginning with new scientific approaches in this regard. These results will be discussed at length in this thesis. Indeed, synthetic polymers bearing carbohydrate moieties have been topics of intense research, as they can have a wide range of applications. They are potentially biodegradable in the time scale required for commercial applications. Most of the syntheses of these polymers are based on polymerization of vinyl saccharide monomers or ionic ring-opening polymerizations. However these procedures have several drawbacks for commercial synthesis. These drawbacks include multi-step synthesis involving tedious protection- deprotection chemistry of the hydroxyl group, unfavorable reactivity ratios of the monomers and comonomers, and high costs. Hence their applications have been restricted to specialized fields. In our study we chose to develop alternative strategies to design and develop biodegradable synthetic polymers based on carbohydrates, by linking carbohydrate moieties onto synthetic polymers by polymer analogous reactions. The latter methodology is simple, one-step procedure, and hence commercially viable. The amounts of carbohydrates linked to the polymer are in minute quantities (typically less than 3% by weight), thereby keeping the processable characteristics of the polymers intact. 
Biodegradation 
A degradable polymer is a polymer, which undergoes physical, chemical and mechanical changes. The physical changes include yellowing of the polymer and embrittlement with loss of its integrity as a whole. The mechanical changes include loss of impact resistance and tensile properties of the polymer, whereas the chemical changes include formation of new functional groups caused by oxidation, hydrolysis, etc., along with possible loss of some already existing functional groups. As already mentioned in the earlier section, biodegradation is a process in which the degradation of the polymer is effected by micro- or macro- organisms or by enzymes secreted by them. It involves two processes, namely bioassimilation and biomineralization. In the process of bioassimilation, the large fragments of the polymer chain are broken down either randomly or successively into smaller fragments, which are then transported into the microbial cells. In the process of biomineralization, the polymeric carbon enters the biochemical pathways that take place in the microbial cells and gets finally converted to either carbon dioxide and/ or methane. The carbonaceous end product of such aerobic metabolism is carbon dioxide and that of anaerobic metabolism are carbon dioxide and methane. The equations can be summarized as follows: 
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The final fate of the polymer is that its gets converted to carbon dioxide and/ or methane, which finally reenter the geochemical cycle. One of the important criteria to be fulfilled by the degrading polymer is that it should not produce any toxic products during its degradation. Different polymers have different compositions and find themselves in different environments after their disposal. Hence, after disposal, polymers are subjected to degradation under different conditions. Therefore, there is a great need to investigate the mechanism of biodegradation of different polymers in different environments. This has led to a variety of different test methods for evaluating biodegradation. Several test standards have been designed to address the biodegradability of the polymer. These include: ? -American Society for Testing and Materials (ASTM) ? -European Standardisation Committee (CEN) ? -International Standars Organisation (ISO) ? -Institute for Standards Research (ISR) ? -German Institute for Standardisation (DIN), and ? -Organic Reclamation and Composting Association (ORCA) These test methods define the biodegradation of a polymer in different environments and under different composting conditions. 
There have been several attempts to modify these methods from time to time. However, no test method has been found suitable to evaluate the biodegradability of all the polymers. It is for this reason that scientists all over the world have been greatly debating on choosing a particular test method as a standard one. Furthermore, there have been several changes in the acceptance limits of biodegradability, e.g. according to the OECD standard, a degradable polymer should degrade by 60% in a time span of 28 days under the set of conditions mentioned in the standard. On the other hand, according to the standards set by the CEN, a polymer can be considered to be a degradable polymer if it mineralizes to 90% in case of polymeric blends or copolymers and to 60% in case of a homopolymer, in a time span of 6 months (ICS-UNIDO Information Package on Environmentally Degradable Plastics, 2001). 
In our study we chose functionalized polystyrene, viz. poly(styrene maleic anhydride) and sugar- linked poly(styrene maleic anhydride) for our study. Polystyrene base polymers are known to be non- biodegradable (Enc. Chem. Technol., Kirk & Othmer (Edn. Mary Howe- Grant, Wiley Interscience, New York, vol. 17, 4th Edn., 1997). So, our set of polystyrenes were first screened for biodegradation using different microorganisms. The screening tests were carried out in 10 mL of minimal medium with the polymer (50 mg) as the sole source of carbon. The composition of the mineral medium is such that it contains all the essential salts required by the microorganisms except the carbon course. The carbon source is derived from the organic substrate, whose biodegradability is under study. The microorganisms tested included bacteria, fungi and yeasts. The microorganisms and their visual growth patterns are listed below: 
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The microorganisms which showed positive growth were chosen for further studies. These include Bacteria: Serratia marscecens (NCIM 5061), Pseudomonas sp. (NCIM 2220) and Bacillus sp. (NCIM 2812) Fungi: A. niger (NCIM 1025), Trichoderma sp. (NCIM 1297), P. ochro-chloron (NCIM 1219) and Pullularia pullulans (NCIM 1049). . The further tests were carried out in conical flasks using 100 mL minimal medium in each of the conical flasks and the polymer as the sole source of carbon. The growth of the bacteria was monitored over a period of 25 days by turbidimetry (optical density measurements). Turbidimetry could not be employed for monitoring the fungal degradation. The composition of the minimal medium was different for both bacterial and fungal cultures, the details of which along with the experimental details and results have been discussed in the subsequent chapters. 
It was established from the results of the tests conducted in the shaker flasks, that the sugar- linked polymers viz. sugar- linked poly(styrene maleic anhydride) polymers were more biodegradable as compared to unmodified poly(styrene maleic anhydride) by both bacterial and fungal cultures. Hence, we decided to evaluate the biodegradability of these polymers by a standard OECD method. However, instead of the activated sludge used in the OECD standard, we used pure strains of bacteria in our experiment. The advantage of using a pure strain is that it helps to identify a particular organism responsible for effecting the biodegradation. The experimental details and the results have been discussed in chapter 7. 
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The work is presented in nine chapters. The outline of each chapter is as follows: 

Chapter 1: Synthetic Polymers Functionalized by Carbohydrates : A Review 
This chapter includes detailed literature search on synthetic polysaccharides, regarding the methods of preparation, applications, potential applications, characterization, and the advantages and disadvantages associated with each method. The conclusions from this literature review are that polymer analogous reactions need to be explored further and the products of their reactions need to find application in industry. The details have been reported in a review (Accepted for publication in "Carbohydrate Polymers", 2004). 

Chapter 2: Towards biodegradable polyolefins : strategy of anchoring minute quantities of monosaccharides and disaccharides onto functionalized polystyrene, and their effect on facilitating polymer biodegradation. 
This chapter discusses the general method for the synthesis of linking minute quantities of monosaccharides and disaccharides onto poly(styrene maleic anhydride) by polymer analogous reaction and their degradation by bacteria such as Serratia marscecens, Pseudomonas sp. And Bacillus sp. The synthesized polymers were characterized by FTIR, colorimetry and NMR spectroscopy of the silylated product. The biodegradation was monitored by the optical density measurements. The degraded products were characterized by FTIR and GPC and the weight losses of the degraded polymers were determined. It was observed that incorporation of even minute quantities of sugars into the polymer, increased the rates of biodegradation greatly as compared to the unmodified polymer. The details are also discussed in a publication (Padmaja Galgali, Anjani J. Varma, Ulka S. Puntambekar, Digambar V. Gokhale, Chem. Commun., 2884- 2885, 2002). 

Chapter 3: Biodegradable synthetic polymers and process for preparation thereof 
This chapter gives a description of the various procedures employed for the linking minute quantities of various monosaccharides and disaccharides onto poly(styrene maleic anhydride). This chapter also overviews the various methods that have been employed previously for the syntheses of biodegradable polymers. The possibility of using other functionalized polymers, other solvent systems, catalysts and work-up procedures have also been discussed. The synthesis of biodegradable polymers by linking of sugars onto functionalized polystyrene by polymer analogous reaction has been covered in a patent (Biodegradable synthetic polymers and process for preparation thereof, Patent Application: Nov. 2002) 

Chapter 4: Fungal degradation of carbohydrate-linked polystyrenes 
This chapter describes the degradation of sugar (glucose, sucrose and lactose)-linked polystyrene maleic anhydride by fungi such as Aspergillus niger, Pullularia pullulans, Trichoderma sp. and Penicillium ochro-cloron. Weight loss measurements after fungal treatment confirmed the biodegradability of the carbohydrate-linked polymers, and it was observed that the degree of susceptibility to degradation varied with the type of test organism as well as with the type of sugar. The conclusion drawn was that the otherwise non-biodegradable polymers could be made biodegradable by incorporation of certain structural features into the polymers. The synthesized polymers were characterized by FTIR and colorimetry. Weight losses of the degraded polymers were recorded and the degraded polymers were characterized by FTIR. The results are presented in a publication (P. Galgali, U. S. Puntambekar, D. V. Gokhale, and A. J. Varma, Carbohydrate Polymers, 55, 393-399, 2004). 

Chapter 5: Elucidation of the ester peak positions and reactivities of the different glucose hydroxyls: An FTIR study of the reaction of glucose and glucose derivatives with poly(styrene maleic anhydride). 
This chapter includes characterization of the characterization of the sugar-linked poly(styrene maleic anhydride) by FTIR spectroscopy with special emphasis on glucose-linked poly(styrene maleic anhydride) and derivatives of glucose linked to poly(styrene maleic anhydride). The amounts of sugars incorporated into the polymer being minute, it was difficult to establish which of the sugar hydroxyls was involved in the esterification reactions. Hence different derivatives of glucose were synthesized by blocking one or few of the different hydroxyls present in the glucose molecule and these derivatives were reacted with the functionalized polymer and their reactivity ratios were calculated from the ratios of the anhydride peak to that of the >C=C< stretching frequency of the aromatic ring of polystyrene fraction. It was found that the primary hydroxyl was the most reactive one followed by the secondary. 

Chapter 6: Thermal analysis of sugar- linked poly(styrene maleic anhydride) 
The thermal analysis of the sugar-linked poly(styrene maleic anhydride) was studied using thermogravimetry. The sugar-linked poly(styrene maleic anhydride) polymers were also treated at various temperatures (150?C, 250?C and 350?C) and the thermally treated samples were characterized by FTIR to evaluate the different changes that occur at those temperatures. The main aim of this study is to check the conditions for processability of the sugar-linked polymers. 

Chapter 7: Biomineralization of the sugar-linked poly(styrene maleic anhydride) 
The evolution of carbon monoxide by the breakdown of the sugar-linked poly(styrene maleic anhydride) by micro-organisms was studied by a standard OECD method. In this method carbon dioxide free air was bubbled through a mineral medium containing the polymer as the sole source of carbon and the medium inoculated with the concerned microorganism. The evolved carbon dioxide was trapped in barium hydroxide solution and then titrated with HCl solution and the percent biodegradation was calculated from the standard calculations. 

Chapter 8: Biodegradation of acylated sugar-linked poly(styrene maleic anhydride) 
This chapter discusses the general method for the acylation of the sugar-linked poly(styrene maleic anhydride) polymers, the characterization of these polymers by FTIR and thermogravimetry. The bacterial and fungal degradation of these acylated polymers was also monitored by the optical density measurements, weight loss measurements and SEM. 

Chapter 9: Suggestions for the future work 
The present work has opened up new avenues for further research and they will be discussed in this chapter. 


